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The general formalism for polarization observables in elastic electron deuteron scattering is ex- 
tended to incorporate parity and time reversal violating contributions. Parity violating effects arise 
from the interference of 7 and Z exchange as well as from the hadronic sector via a small parity vio- 
lating component in the deuteron. In addition we have allowed for time reversal invariance violating 
contributions in the hadronic sector. Formal expressions for the additional structure functions are 
. derived, and their decomposition into the various multipole contributions are given explicitly. 
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I. INTRODUCTION 



The study of polarization observables in electroweak (e.w.) reactions is an important tool in order to investigate 
small but interesting dynamical effects, which normally are buried under the dominant amplitudes in unpolarized 
total and differential cross sections, but which often may show up significantly in certain polarization observables. 
\^ ' The reason for this feature lies in the fact that such small amplitudes or small contributions to large amplitudes may 
\^ . be amplified by interference with dominant amplitudes, or that dominant amplitudes interfere destructively leaving 
thus more room to the small amplitudes. For example, this fact has been exploited in elastic electron deuteron 
scattering in order to disentangle the charge quadrupole form factor from the monopole one by measuring the tensor 
asymmetry T20 or equivalently the tensor recoil polarization P20 ■ Other prominent examples are the measurement of 
parity violation of the e.w. interaction, and the study of T-noninvariant form factors in the same process. 

A quite thorough discussion of polarization observables of elastic electron-deuteron scattering in the one-photon- 
ic ' approximation has been given by Gourdin and Piketty Q and by Schildknecht ||] for the case of parity (P) and time 
I , reversal (T) invariant currents. The consequences of P violating contributions from weak neutral currents on certain 
^ ' polarization observables for this process have been considered previously by several authors |^-^. Furthermore, the 
^ influence of T- violation on the vector recoil polarization has been treated in [@-^ . However, it seems that no systematic 
^ formalism for polarization observables has been established for electroweak scattering including weak neutral currents 
^ ' arising from Z exchange. It is the aim of the present paper, to give a comprehensive and systematic derivation of all 
• 1^ ■ polarization observables for this reaction including parity and time reversal invariance violating contributions. To this 
' end, we first review briefly in Sect. ^ the basic ingredients for elastic electron scattering in the one-boson-exchange 



approximation. The general definition of a polarization observable isgiven in Sect. Ill, while explicit expressions 



in terms of structure functions and form factors are derived in Sect. IV. Also the corresponding beam, target and 



beam-target asymmetries are given there. Various details are presented in several appendices. 



II. BASIC FORMALISM 



In this section we briefiy present the basic formalism for elastic electron deuteron scattering in the one-boson- 
exchange approximation including Z exchange. The general expression for any observable, i.e., cross section and 
recoil polarization including the dependence on beam and target polarization, is given by 



Ox da J, = (27r)-2<5W (d' _ , _ d) , Ox Mf.p^p') , (1) 
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where the observable Ox is characterized by a subscript X, which refers to the various polarizations of the final 
deuteron state. It is represented by an appropriate operator Ox and will be specified later. The momenta of the 
initial and scattered electrons (mass me) are denoted by fci and ^2, respectively, and = Qq—Q^ the four momentum 

transfer squared (g = fci — ^2). The initial and final deuteron momenta are denoted by c? = {Ed,d) and d! = 
respectively, and the deuteron mass by Md- The density matrices ff and p'^ describe possible beam and target 
polarization. Covariant normalization has been assumed, i.e., {2Tr)^E/m for fermions and {2tt)^2E for bosons. 

The amplitude M fi contains in the lowest order, i.e., in the one-boson-exchange approximation, contributions from 
both virtual 7 and Z exchange with the latter naturally being strongly suppressed since we restrict ourselves to the 
low momentum transfer region {—qf^ <C M"^). The invariant matrix element thus contains two contributions |jl^ 

■M^ = + (2) 

Here and in the following, the superscripts 7 and Z indicate the electromagnetic and weak neutral current contribu- 
tions. The lepton and hadron currents are denoted by j^^^^^ and JjJ^^K respectively. Furthermore, e denotes the 
elementary charge with a — /Att as fine structure constant, and Gf is related to the weak Fermi coupling constant 
Gf by 

""'^'^^ - " ~ 8cos2^v.(M|-,^) ' 

where g denotes the electroweak coupling constant, 9w the Weinberg angle, and e — gsinOw- 
The lepton currents are defined by 

j-(7)p=^-Wm^ (4) 

j-(2)p^ge^-(.)p+ge^-(a)p^ (5) 

where we have introduced the lepton vector and axial currents by 

jWM^u(A;2)7''u(fci), (6) 

jWM^u(A;2)^/^^5u(fcl). (7) 



Furthermore, one has 



g: = ~l + 2smHw, (8) 
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(9) 



Note, that our expressions for the neutral currents contain an additional factor 1/2 compared to Ref. |T^. The 
hadronic current is specified later. However, for formal reasons it is convenient to distinguish the contributions 
arising from the coupling to the lepton vector and axial currents by introducing 

^/.,.(v) = 4i + jjf;, (10) 



where 



with 

G,/, = V2g:^^GFqle-\ (13) 

We would like to emphasize, that the argument V and A merely indicates to which type of lepton current the 
hadronic current couples. Both hadronic currents, Jfi^fj,(y) as well as J/i_^(^), contain vector and axial pieces (see 
below Eqs. (p2) and (pSl)). Then the invariant matrix element takes the form 
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-^^ - J/^m(-4)) • (14) 

Allowing for longitudinal electron polarization of degree one then finds 



+v;i{h) p") + wf'^'^iOx, /))] , (15) 

where one has two types of lepton tensors ry™ and 77^^^, where the latter arises from the interference of the lepton 
vector with the lepton axial current, 

v;iih)^V% + hv'^,, (16) 
v;iih) = + hrjl, . (17) 
In the high energy limit, i.e., electron mass me = 0, one has 

= {kitik2i, + k2^ki^) - g^^ki ■ k2 

^ {kf,k^ - Qf^q^ + g^t^Qp) , (18) 
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V^iy — i^iiuapk^ki 



> (19) 



where fc = fci + fc2- The hadronic tensors, appearing in ([l5|), are defined by 

W%^-^^{dx, p") = ^^tr{J%*{C')dxJUC)p')^ (20) 
where C, C G {V,^}, and the trace refers to the deuteron spin quantum numbers. 

III. DEFINITION OF A GENERAL POLARIZATION OBSERVABLE 

Proceeding as in the electromagnetic case by switching to the usual three-dimensional representation of the lepton 
tensors in terms of virtual boson density matrices, one obtains in analogy to the pure electromagnetic process the 
following expression for an observable 

= H Pm«[(PAA' + VaA') tl'X'niC){dx)n'rn'trn'\rn{C) 

^2 1 A,A' m',m,n',ra Ce{V,A} 

+ (VaA'+PaA') E C'A'n(C')(Ox)„'™'t™'A™(C)] . (21) 

C'^ce{v,A} 

Here, we have introduced the t-matrices, which are related to the various current matrix elements between the intrinsic 
deuteron states by 



tm'Xn.{C) = ^^^j^ {m'\MC)\m) . (22) 

The current components refer to a coordinate system with z-axis along q, y-axis along ki x ^2, i.e., perpendicular 
to the scattering plane, and x-axis chosen as to form a right-handed system, i.e., x = y x z. Also the deuteron spin 
states refer to this system with q as quantization axis. Thus A = ±1 refers to the transverse current components (with 
respect to q), while the A = component is given by a combination of charge and longitudinal current component 

= p j{ujp-q-J), (23) 
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which reduces to the charge density p for a conserved current. Furthermore, Ed and E'^^ denote the initial and final 
deuteron energies, respectively. The cm. motion of the initial and final deuteron states with cm. momenta d and d', 
respectively, has been eliminated and we have switched to noncovariant normalization. 

The spherical components of the two types of virtual boson density matrices obey the symmetry relations 

P% = P'A , (24) 
p\-y = i-)'^''ply , (25) 
P'-X-X' = (-)'+''+V'aa' • (26) 

Here, p^^' can be expanded into independent components with respect to diagonal longitudinal (L) and transverse 
(T) contributions, and interference terms {LT and TT) 

E (27) 

Qe{L,T, LT, TT} 



with 



= Sxx'Sxo , Sj:i, = X'Sxo + A(5a'o , 
-^^A'-O, 6',iT = \X'\6,o + \MSx'o. 



(28) 



The nonvanishing components are 



PLT = pSIi = -Pql{ PTT = P° 11 = llic ' (29) 

2 

Plt = Poi = -5/3-^ p't^ P'li^^H 



'AC 
2Hv 



with 

/5=7^' ^ = C = tan^^, (30) 



where /3 expresses the boost from the lab system to the frame in which the hadronic tensor is evaluated and q'^ 
denotes the momentum transfer in this frame. In order to make contact to the kinematic functions v^{i) in the review 
of Musolf et al. jl^, we note the simple relation (for (3—1) 

P^^ ^ -f^v^i') . (31) 

where a e {L, T, LT, TT}. 

Now we will discuss the various hadronic tensors of ( pT] ) in detail. The hadronic currents can be classified according 
to their vector and axial current contributions. The cm. current contains only a vector piece Jj,- ^ while the neutral 

current consists of both, vector and axial parts, ^^"^j and jfi^, respectively. Thus for the hadron current interacting 
with the lepton vector current J/i, /^(V) one has Jj^ ^ as vector part and J fl ^ as axial part, i.e.. 



^/.,m(v) = j;.,^ + G.(j;tM + '^/t/^) 

r,V r,V 



-Jl.u + Jku + Jku- (32) 



The corresponding contributions to the hadron current Jyi^^(^) interacting with the lepton axial current are Jfi ^ 
z-^ 

and Jfi^, respectively. 
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= Jk.+Jk.- (33) 



z z 

Note, that Jf^/i^ and Jf^/^ are related by the ratio of gl/ g%, i.e., 



J^L = 9l/9lJ^t^ and J^l^ = gl/glJ^l^- (34) 

z^, z^i 
Thus J wiU be suppressed compared to J ■ Since we ahow also for parity violation in the hadronic states, any 

current matrix element can be split into two contributions with opposite parity transformation properties, i.e., 

Jh = Jrl' + ' (35) 

where, denoting the dominant component by an upper index "pc" and the small, parity violating component of 
opposite parity by "pnc" 

^/T=Pc(/|J|^),,+p„c(/|J|^)p„,, (36) 

j;r=pnc(/|J|i)pe + Pc(/|JN)p„,, (37) 

where \).pc denotes the dominant parity conserving wave function component and \)pnc the small parity violating 
component. Thus, in order to classify the various contributions, we will define two symbolic index sets and Cj, 
according to the interaction with the lepton vector and axial currents, respectively, by 

= {ipc, Jpnc, Zv,pc^ ^v,pnc^ ^a,pc^ ^a,pnc} ' ('^^) 
{.^v,pci ^v,pnci ^a,pci ^a,pnc\ • (39) 

It is also convenient to introduce two other sets of current contributions according to their behaviour under parity 
transformations, whether they transform like a vector or like an axial current. They are defined by 

^pc — {ipci Z^ p^, ^a,pncJ ^v,pc^ ^a,pnc\ ^ (40) 
Cpnc = {ipncj -^^jprtC -^a,pc' ^^,pnc' ^^,pc} ■ (^^) 

In order to characterize the opposite behaviour with respect to parity, we will introduce a symbolic (5-function by 

Furthermore, in order to be more general we will also allow for violation of time reversal invariance. Consequently, 
we will split each of the two sets Cpc and Cpnc into two subsets, one containing the contributions which respect time 
reversal invariance and the other those violating it, labeled in addition by He" and Hnc" , respectively, 

^pc ^pc, tc ^ ^pc, tnc •) (43) 
^pnc ^pnc, tc ^ ^pnc, tnc i (44) 

where the four different sets are given by 

Cpc,tc = {lpc,tci Zv,pc,tc' ^a,pnc,tc, ^v,pc,tc' ^a,pnc,tc} ' (45) 

Cpnc,tc = {'ypnc,tc, Z^,pnc,tci ^a,pc,tci ■^v^,pnc,tci ^Oi,pc,tc\ > (46) 

Cpc, tnc = {lpc,tnci Zv,pc,tnci ^a,pnc,tnc, ^vipc,tnc' ^a^pnc,tc} ' (47) 

Cpnc, tnc = {'ypnc,tnci ^v,pnc,tnci ^a,pc,tnci ^v,pnc,tnct ^a,pc,tnc\ ■ (48) 

Correspondingly, in order to characterize the opposite transformation behaviour under time reversal we introduce 

._ I for C G Cpctc ^Cpnc,tc 1 j-^g-j 
1^ 1 for C G Cpc, tnc ^ Cpnc, tnc J 

As a shorthand, we will use 
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5r = S^ + 5l. (50) 
Now we write the t-matrix element of ( ^2|) as a sum of the various current contributions labeled by a superscript "c" 

tm'XmiV/A)= ^'m'Xm, (51) 



cSC- 



V/A 



and obtain for the hadronic current tensors in ( ^l|) 

ce{v,A} c={Cv,Ca) c'.cec 

E OAn(C') t^'X'miC) = E E (^"'A'n C'Am + (c - c')) • (52) 

c^cefv,^} ceCv cec^ 

Any of these current matrix elements f^^ixm '^^^ expanded into multipoles 



L 



where = ^27r(l + Sxo), and 



O^M = -^AO ClM + <5|A|l (^LAf + XMlm) (54) 



denotes a general multipole. The argument "c" of the multipole C^(c) in (53) indicates the current contribution. In 
( p3| ) we have chosen the direction of the momentum transfer q as quantization axis for the deuteron spin states and 
have introduced for the reduced matrix elements of the multipole operators betwee the deuteron states the notation 



= <5ao Cl(c) + 1 (Sl(c) + \Ml{c)) . (55) 



Oiic) = {l\\Oi{c)\\l) 



Here the factor ^ E'^Ed/Md has been included for convenience in the definition of the reduced charge (Cl(c)) and 
transverse {El(c), Ml(c)) matrix elements. Furthermore, a factor "z" has been separated from the transverse multi- 
poles in order to have El and Ml as real quantities, because one has (0;^(c))* = {—)^Ol{c) (see Appendix A). From 
time reversal one has the following selection rules for the multipoles 

Cl{c) : = 1 , E/MUc) : (-)^+*" = -1 . (56) 

On the other hand, the parity transformation yields as selection rules 

{C/E)l{c) : = 1, Ml{c) : (-)^+*" = -1 . (57) 

Combining these selection rules, one finds as nonvanishing multipole contributions 

Co (c) , C2 (c) , Ml (c) for cC^CpcAc. 

(58) 



E2{c) for C^Cpctnc, 

El{c) for C^Cpnc.tc, 

Ci(c), M2(c) for C&Cpnc.tnc- 



Before proceeding further, we have to specify the observable X in (|l|) describing any observable for the analysis 
of the final target spin state. We choose the representation X — (/M±) (/ — 0, 1,2, M > 0) with a corresponding 
hermitean operator in deuteron spin space 

= CMsig,, {rHJ + sigM (-)'^ril,) , (59) 
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with 

Here we have introduced a sign function by sig^ := ±, where the subscript M merely indicates to which variable it 
refers. One should note, that obviously for (JMsigjv^) = (/O— ) the operator vanishes, i.e., O/o- = 0. 

The irreducible tensors t^^^ are the usual statistical tensors for the parametrization of the density matrix of a 
spin-one particle 

p'=lti: -MPfM, (61) 

/=0 M=-I 

where Pfj^ characterizes the initial state polarization with Pqq = 1. 

The tensors r'^l are normalized as (l||r[^i||l) = VSI, where / = ^/2^+T, i.e., in detail 

{I3 no polarization, 

vector polarization, (62) 
a/SiS'^^ tensor polarization, 

where I3 is the unit matrix, S^^^ the spin-one operator, and Sl^i = x 51^1] the tensor operator whose cartesian 
components are 



S^ki=liSkSi + SiSk)-^Ski. (63) 
Using the relation of the OiMsig^, to the cartesian spin operators 



Sx/y — T-^Oii± , Sz — y|Oio+ , 

^xl/yy = =^^73^22+ - ^^20+ , S'S = ^ O20+ , (64) 

one finds for the relation of the above defined observables C/Msig„ to the cartesian spin observables Pk and Pki 



Pxx/yy = ±^C>22+ - ^20+ , Pzz = ^ O20+ , (6^) 

-^^2/ = ~2;;^^22- , Pzx/zv = T-^021±, 

where the cartesian observables are defined by the deuteron density matrix in the form 

p'' = Ul3 + P-S + Y,PkiSf^)- (66) 

kl 

Prom now on we will assume that the density matrix is diagonal with respect to a certain orientation axis, charac- 
terized by spherical angles 9^ and Then one can write 

PfM = Pfe'''*'di,M, (67) 

with the deuteron vector (Pf) and tensor (P^) polarization parameters which arc related to the occupation proba- 
bilities Pm of the different spin projection states of the deuteron with respect to the orientation axis as quantization 
axis by 



Pt = Pto = \lliPi-P-i), 



(68) 



P^ = P20 = ^ (3(Pi + P-i) - 2) . (69) 
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IV. STRUCTURE FUNCTIONS AND ASYMMETRIES 



Inserting these various expressions into (|2l|), one obtains finally for an observable X — {I' M'sigj^,j,) in terms of four 
types of structure functions F^'^ -^^^^'sm (^x) and H'' {X) 

Ox = ^Mott E E E '^o^ (^^ -^rf + 5 (1 - sigM 1)) 4/0 (^d) 

^=2 7=0 A/=0 sig„=± 

ae{L,T,LT., TT} 



where we have introduced the Mott cross section as given by 



cos^ -|- fcj 
4sin'*V ^ 



2 



and switched to the ui s instead of the pa s according to (pT]). Their explicit form is 

- J_ ^ car ^ 1 / i±!Lfi!llzt 



^LT = ^Tf;^sec^y -'- - , ^'TT--^, (72) 

, _ 1 /5 9^"'' , _ e'f'' e'j^'' I l+v sin^ ^ 



with 



4 Mi 



- -Q' . (73) 



The structure functions are defined by 



7M.ig,, (X) = 5] ^ /(') ^^'^^'«M (X; c', C) , (74) 

ce{Cv,CA} c ,cec 

p(f) iMsig,, (X) ^ 2 ^ /^') ^*^^'sm (X; c', c) . (75) 

c'eCv, cGC^ 

Here the various current contributions fa'^^^^^^"{X] c',c) are given in terms of the quantities ©^'■'j,^, (c', c) defined 
below by 

ZMsig,, ^) ^ (c', c) + sig,„ (-)^^'0i';/,*!l^,- (c', c)) , (76) 

with 

(c', c) = CM.ig„ (c', c) + sig,, (-)^-^0i'?/rM'' (c', c)) . (77) 

The basic quantities are related to the i-matrix elements according to 

0i?/'M'(c^c) =E'5itX^'M"'(c',c), (78) 

A', A 

where the U^s are quadratic hermitean forms in the f-matrix elements 



U^:^/,'^{C', C) = i J2 {^n'l'n (rl^ihn'n, C'A™ (ri'l^Un + (c' - c)) . (79) 

Angular momentum conservation leads to the selection rule 



8 



X' -\ = M' + M. (80) 

Note, that by definition and thus the structure functions are symmetric under the interchange (c c'). Furthermore, 
one has the following symmetry properties 

(iY^'i^{^^(c',c))* = (-)^^+^?Z^^'^/*^(c',c), (81) 

^h'M^'Hc',c) = {U}:^i^^'{c',c)y, (82) 

yj-,':M^'-''ic',c) = (-)^^^(^'.^)+^+/' (z^VA/M(^,^^)y ^ (83) 

U^:^,^'Hc\c) = i-y+''+''+'''+'^+'^'Ur,y'"''ic',c), (84) 

where we have introduced 

6^^{c',c)^S^,^ + Sr. (85) 
The first two can be combined to yield the symmetry 

"/^M^'"'(c', C) = (_)5""(e',c)+/+Af+/'+M' Z^AA;^{M(c', c) . (86) 

These symmetries are derived in the Appendix A, where we also give a closed expression for U^^i/,^{c',c) in terms 
of the reduced multipole matrix elements. Furthermore, by a proper choice of the phases for the state vectors in 
order to have simple time reversal properties one can make all Uf\/,^^ {c' , c)'s real or imaginary depending on whether 

(—)*'= — ±1, respectively, as also shown in the Appendix A. Then one finds corresponding simple symmetries for 

the <^"i,,(c',c) 

{oTi^M- (c, c)) * = i-Y^-^^' 0l2Z' (c, c) , (87) 
O^Z, (c', c) = i-r^^'^' (c', c)) * , (88) 

(^^!/^'(c',c) =±(-)^^^(^'-H^+^'0W;;M^(c',c), (89) 

where the minus sign in ( |89| ) refers to the primed quantity O^^^^j, (c', c). For the interchange (IM) ^ {I'M') one 
has 

C^i'!/'M'(c',c) = (-)^+M+r+M'+C+^r, 0l2j^'{c^,c) . (90) 
The symmetry property of (^ ) leads to the interesting selection rule 



which means that 



^/Msig„ (^pM'sigM' ; c', c) = for (_)5""(c'x)+/+/' = _ 
(/'M'sigM' ; c', c) = for (_)^^^(c',c)+/+/' ^ 1 , 



(92) 



Another selection rule follows from and ( |88| ) yielding 

fO) /Msig,, ( j'M'sigM. ; c', c) = CM'.ig„, (l + sigMsigM' {- f^^'^' ) oI^'m/"^^ (c', c) . (93) 

Therefore, only for sig^.^ = sigj^,// (— )'''^ one has a nonvanishing contribution. Combining these two selection rules 
and introducing as a shorthand 

'^:LA^^^ = i (l + -gMBigM'(-)^^^+^^') (l ± (-)^^^(-^)+^+^') , (94) 

one obtains 
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The remaining nonvanishing functions are listed in Table |. In detail, one finds for them (note that by definition 
M, M' > 0) 

^/Msig,, (j'M'sigMM c', c) = 2 4;;,ig^,^, (c', c) CMsig,, CM'sig,,, <5m'M (^a/o + sigM(-)'') Ufir'\<^^ c) , (96) 
f!^^'''^'^^'{I'M'sig,,,; c',c) = 4<5W;;4^^,(c',c)cMsig,, CM'sig„, <5m'm (<^mo + sigM(-)*') Z^,"a^*'(c', c) , (97) 
^W/A^sig,,(^,^,^.g^^^. ^ -4 5W/,r ^^^(,.^,),^^^^^^^ (sigM(-)^+^^+^-<5M'.M+i U^yM-Ac'.c) 

+ {{-f^^'^'SM'. 1-M - sigM(-)''<5A/'. Af-l) Z^/%^lf (c', c)) , (98) 
/^f (/'M'sigMM c', c) = 2 4;;,jg^^, (c', c) CMsig,, CM'.ig„, {sig,,{-r+'^ +'^'Sm'. m+2 c) 

+ ((-)'"+'" <5m',2-m + sig,,i-)''SM',M^2) U^,l',L-'"{c',c)) . (99) 
The symmetry property in ( |90| ) leads to a simple relation for the interchange {IM sig^^ ^ /'Af 'sig^// ) 

^(0 7Msig„ (j'M'sig^,, ;c',c) = ^^y+M+I'+M'+ST+S- ji,) /'M'sig„, (jMsig^; c', c) , (100) 

which relates the /-functions for a given target and recoil polarization to the corresponding ones, where the target 
and recoil polarizations have been interchanged. Thus this symmetry reduces the number of independent structure 
functions considerably and gives an additional selection rule for (/Msig^) = {!' M'sigj^j,) 

f(l)iMs,^M(^IMsigj,,;d,c)^0 (101) 

for 5j + S"^! = 1- Another symmetry exists for the structure functions with M > and M' > for the simultaneous 
sign change sigj;^ — > —sigj^j and sigj^j, sigJ^^,. First we note from ( |60| ) the property 

CM -sig„ = i sigM CMsig„ , (102) 
from which follows for the above transformation 

CA/sig„ CM'sigj,,, -sigA/ Sigjvf CMsig„ CA^'sig^^, . (103) 

Secondly, the invariance of '^si'a^fsigjj, ('''i evident. Finally, from the formal expressions in ( [9^ ) through ( p9[ ) one 
notes that for M > and M' > /^'^ ^^^^'^m ^' m' sigAj/ ; c', c) is proportional to sig^j for a G {L, T, LT}, whereas for 



a = TT it is independent because in this case only M ~ AI' — 1 gives a nonvanishing contribution to (|99|) according 
to Table Thus with (103) and the equivalence sigA/ sigAf = (—)^c'+^c implied by (^sjg^^sig^^, (c', c), one finds 

fi^) IM -sig,, _ gig^^^ . ^) ^ /(') /A/sig,, (j'M'sigA,, ; c', c) , (104) 

for a e {L,T,LT} and 

/W"-^-'*^-(/'M' - SigA,,; c',c) = -(-)^.^+e /W"'^«igM(j'M'sig,,,; c',c) . (105) 

Explicit expressions for the nonvanishing /-functions for the various current contributions for the case of recoil 
polarization without target polarization are listed in the Appendix B. The ones for targ et polarization without 
analysis of the recoil polarization can be obtained from these by using the symmetry in (100). 

Besides the dominant P- and T-invariance obeying contribution c = jpc,tc, we now will restrict ourselves to the 
first order contributions with respect to the weak coupling constant and to leading order T-violation. In other words, 
of all the contributions of Cy and Ca the following zero and first order contributions remain 



MO) - U \ r(°) 

1--V — 1 7pc, tc f , 



I lpnc,tci Jpc,tnci ^v,pc,tci '-'a,pc,tc( i '^A ^ ^■^v,pc,tci ^a,pc,tc( 

or with respect to the other classification of (Esl) through (Esl) 



(106) 
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'^pc, tc ~ } Ipc, tc r J *--pc, tc ~ ] v,pc, tc^ ^v, pc, tc ( I 



r(^) - /-^ 7V 7-4 \ r(^) - /-A/ \ (107) 

'^pnc,tc ~ } Jpnc,tc, ^a,pc,tci ^a,pc,tc( 1 '^pc,tnc ~ 1 !pc,tnc f j V ' 



^(1) 

^pnc, trie 

This means, one has to make the following substitutions in the general expression for the structure fonctions in (|74 
and (|75 



E E - E +2 ' (108) 

E - E ' (109) 

and obtains for the structure functions one diagonal P- and T-conserved contribution (c = 7pc. tc) to Fi''* (X) 
and three nondiagonal P- or T-violating ones, namely two P-violating contributions from the hadronic P-violation 
(c — jpnc, tc) and from the hadronic axial current coupled to the lepton vector current (c = Z^^pc^ tcl^ ^.nd one hadronic 
T-violating contribution (7pc, tnc)- Here and in the following, "X" stands always for an observable "/'M'sigj^^/" . The 
corresponding structure functions are determined either by the P- and T-conserved /-functions or by the P- or T- 
violating ones. In view of the selection rules for (5fi'/ ^■,„ (c'c) contained in (|93), one finds in detail for the P- and 
T-conserving structure functions for which sigj^^ = sig^,^/ applies, 

pIMsi^Mi^X) - fJ'^'^^'iX- Ipctclpctc) 

+2 /i^'^'SM (X; 7p,, Zl , J , for / + /' even, (110) 

+2 /;''''^'^- (X; 7pc, tc, Zl , J , for / + /' odd . (Ill) 
Taking into account the proportionality of the neutral vector current to the e.m. current 

Jp'^^gtJ^, (112) 

where g'j; = —2 sin^ 9w, then one obtains 

j^jMsig,, ^ ^ 2 gi G„) /i*^^'SM (X; 7p,, 7p,, ,,) , for / + /' even, (113) 

^^//Msig,, = (1 + 2 .9,^ G„) (X; 7p,, 7p,, ,,) , for / + /' odd , (114) 

which means a simple renormalization by a factor almost unity. Furthermore, for the P-violating structure functions, 
for which also sigj^^ = sigM' applies, one has 

F^Msi^Mi^X) = 2/i^-^-SM(X; ipctclpnctc) 

+2 /i*'^'^- {X- 7pc, tc, Zl^,^ tc) for / + /' odd, (115) 

j^^/A./sig„(^) = 2/™g-(X; 7pc,tc,7pnc,tc) 

+2 Z^^^'^^'sm (X; 7p,, zl , J for / + /' even. (116) 
Finally, for the T-violating structure functions, for which sigj^^ = — sigj^^/ applies, one finds 

^jA/sig,, ^ 2 //*^-Sm (X; 7p,^ tc, 7pc, t„c) for / + /' odd, (117) 

iMsisM (X) ^ 2 /;^*^-gM (X; 7p,, 7p,^ ,„,) for / + /' even. (118) 

one has two nondiagonal P-violating contributions from the neutral hadron current, containing 
vector and axial pieces, coupled to the axial lepton current, i.e., 

P/^-g- (X) - 2 /i^'^-SM (X; 7p,^ , J for / + /' even, (119) 

P/^-s- (X) = 2 {X; 7pc, tc, <pc, tc) for / + /' odd, (120) 

p, iMsis,, ^ 2 /;^^'^-SM (X; 7p,, , J for / + /' odd, (121) 

p, /A/.ig,, = 2 (X; 7pc, tc, <pc, tc) for / + I' even, (122) 



11 



where again sigj^^ = sigj^j, applies. Explicit expressions for the nonvanishing structure functions are listed in Appendix 
C. 

It is useful to introduce scalar, vector and tensor target asymmetries Aj^{X) (1 — 0,1,2) and corresponding beam- 
target asymmetries A^^^{X) which can be separated by a proper variation of the electron polarization parameter h 
and the target polarization parameters Pf. They are defined by 



O 



X 



— CMott Sq 



A^.iX) + Pf A\iX) + Pi AliX) + h ^Al,iX) + Pt A\,{X) + Pf Al,{X) 



where 



S, = vlFI'+{1) + vtF^^+{1). 
Note that A'^^[X = 1) = A°(00+) = 1. Comparison with (|70| ) yields the following expressions 

A'a/e<l{X)=Y. 4/0(M E COs(m0,+ J(l-sigMl))Af^^'^-(X), 



M=0 



or in detail 



A%,,{X)^A',)UX). 

A\/,,{X) = COS0, (X) - ^ (cos0,^ii+ (X) - sln4>aA\)-^{X)) , 

A%eAX) - ^ (3 cosOa - 1) Af+^{X) - sin^rf cos^^ ( cos 0^ ^^1+ _ sin^a Af-^^{X) 



(123) 
(124) 

(125) 

(126) 
(127) 



1 /3 



2 V 2 



% (cos2</-, (X) - sin20, Af/;,(X)) , 



(128) 



where we have separated explicitly the dependence on the angles of the deuteron orientation axis by introducing 



A 



Sq 



ai£{L,T, LT, TT} 



A 



/Msig 



ed 



(129) 
(130) 



ae{L,T, LT, TT} 



The latter asymmetries A^^'^^^^^''' [X) can be separated by a proper choice of the orientation angles 9d and (f)d- We 
list explicit expressions of a ll asymmetries for sigj^/ = + in the Appendix D except for those which can be obtained 
from the symmetry in ( |100[ ), i.c, from 

- ^_^/+M+/' + M'+..^W r Af'.ig„, ^jMsig^,) , (131) 



where 5t — 1 for th e T- violati ng c ontributions, and 5t = Q else. The ones for sigj^^ = — can be obtained with the help 
of the relations in ( 104 ) and (105) yielding 



AiM-sigM^PM's\g,,,) = ^ V (-)^".-+^' z;«i^i*^-SM(j'M'-sig,„) + <^™^-(^'Af'-sig 

•JO 



M' 



ae{L,T, LT, TT} 



i-Y' (a'I'"'^" {I' M' 



sigM') - ^ VTT Fi^'^'^'^" {I'M' - sigM.) ) , 



A 



/Af-sig 



-(/'M'sig^O - (A^f '^-(/'Af-sig,,,) 



^0 



VTT F^'^'^''"' [I'M' -Big,,,) 



(132) 
(133) 



With respect to the explicit expressions of Appendix D one should keep in mind the relation (112) of the neutral 
hadronic vector current of the deuteron J^" , which means that the P- and T-conserving form factors of J^" are 
proportional to the corresponding e.m. form factors with g!^ as proportionality constant. In particular, this means for 
the neutral current form factors appearing in the P-violating asymmetries of Appendix D according to (^) and (|3^) 
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Cl^'^ ^gtG^/aCl and Aff" = 5,^ G,/, M7 . 



(134) 



where G^ja — \/2 g'^^^Gp e ^ (see ([l^)). Furthermore, in the P- and T-conserving asymmetries the e.m. form 
factors become renormahzed by a factor very close to unity according to ( |113| ) and (114). Finally, the P- violating 

i?l-multipole contributions " of the axial part of the hadronic neutral current J^" are related to the deuteron 
axial form factor 



li = ^^(l||^i(J^)l|l> 



by 



Gv/a Fpi ■ 



(135) 



(136) 



At the end of this section, wc will furthermore introduce the usual invariant multipolc form factors and structure 
functions depending on alone by 



and 



/47 f3 



G 



3 


1 + r? 








^(1 + 


1 TT 



Co : 



Co 



G 



/Msig jj- 



{E/M)l . 



(l + r/)2 ^ 
1 



g'i^.^^^^^" (X) 



277(1 + 77) 

/3 



p{i) IMsig^j ^-^^ 



(1 + 77)^277(1 + ^7) 

277(1+77) 



F, 



(X) 



TT 



(137) 
(138) 
(139) 

(140) 
(141) 
(142) 
(143) 



and corresponding r elati ons for the Ga'' [X) structure functions. In terms of these invariant structure functions 



the asymmetries in ( |129| ) and (|130|) become 



with 



and 



.IMs\t> 



A 



{X) 



So 



^■aGi*-^"SM (X) + V^G'J'''''^'^' {X) 



/ w/Afsigj, 



ae{L,T, LT, TT} 



\va G'J'^'S^" (X) + G^^'^^'Sm (X)' 



ae{L,T, LT, TT} 



So = Gc^ + l + ^ r; (1 + 2 (1 + 77) tan^ ^) Gm' , 



vl = 

"LT — (3 



v^^ = 2 77 (1 + 77) u, 



i (1+77)^2 77 (1 + 77) v'^l, VTT = 2rj{l + r])vTT, 



(') 

T ' 



(144) 
(145) 

(146) 
(147) 



or in explicit form 
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= 1 , ^Jt - ?7 (l + 2 (1 + ?/) tan2 ^) , 

wlt = sec ^ a/t? (1 + 77 sin^ ^) , vtt = -r] , (148) 



2 V ' 2 

Qlab . Qlah Qlab I ^ Qlab 

^LT = tan y''? (1 + J = 2 sec tan -|- r/ W (1 + ri){l + rj sin . 

Detailed expressions of the resulting asymmetries are listed in Appendix E. Similarly to wh at h as been said with 
respect to Appendix D above, we would like to remind the reader that relations analogous to (134) exist also for the 
P- and T-conserving neutral invariant form factors, namely 

^cjQ —9vGv/aGc/Q and G^J —g^G^jaGu, (149) 

and that one has the relation of the P-violating invariant form factors G to the deuteron invariant axial form 
factor 



which reads 

Ge\ ~ Gv/a G^i ■ (151) 



V. DISCUSSION AND SUMMARY 



A schematic survey of the nonvanishing asymmetries is given in Tables III through ^ where we have not listed those 
which are related to the listed ones by the above mentioned symmetries. The simplest asymmetries to measure are 
the scalar asymmetries in Table [II involving the determination of the deuteron recoil polarization for an unpolarized 
deuteron target without or with longitudinal electron polarization, or for the equivalent situation using an oriented 
deuteron target but not measuring the recoil polarization. We will discuss these scalar asymmetries in some detail. 
The vector and tensor asymmetries do not provide additional information but they may be used for independent 
checks. 



A. P- and T-conserving contributions 



For the P- and T-conserving currents one finds as scalar asymmetries only tensor recoil polarization components, 
if the electrons arc unpolarized as is well known, and our results for them agree with the ones given in the literature. 

So A"f + {20 +) = 5o = - ^ (8(Gc + | Gg) Gq + (1 + 2 (1 + 77) tan^ ^) Gm') , (152) 



SoAf + {21+) = SoT2i = sec - 7; -^77 (^1 + 77 sin" Ga/Gq, (153) 
SoAf + {22 +) = SoT22 = - ^Gm^. (154) 
In particular, with respect to the expressions given in Eq. (5.11) of using Schildknecht's notation, one finds 



s'"=/'.. = ^O20+-^<+(20+), (155) 
^ P.. ^ ^ O22. - ^ O20. ^ ^ ^-(22+) - ^ <-(20.) , (156) 



= ^ ^ <+(21+) • (157) 

The tensor component T20 is used to separate the charge from the quadrupole form factor, while T21 allows to 
determine the relative phase between the magnetic and quadrupole form factor. The component T22 does not provide 
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new information, it could only be taken as an independent check of the structure function B{Q'^) because one would 
not need to perform a Rosenbluth separation. 

With additional longitudinal electron polarization one finds as scalar asymmetries for the leading order P- and 
T-conserving currents two vector recoil polarization components, again in agreement with the ones given in Eq. (5.16) 
of 1^, taking into account the relations 

= 3 sec - tan - -^(1 + 77) (l + rysin^ - j Gj^ , (158) 

= - 3^ tan ^ (1 + V) {Gc + I Gq) Gm ■ (159) 

The first one, Pz, is proportional to G\^, whereas the component perpendicular to the momentum transfer but in the 
scattering plane, P^, contains interference of Gm with Gc and Gq. The vector and tensor asymmetries listed in the 
Appendix H do not contain additional information but they could be used for consistency checks. 



B. Parity violating contributions 

Parity violation gives a small contribution to the unpolarized cross section from the E\ contribution G = Ga 
to the hadronic neutral axial current 



So A'!l' + (00 +) = - sec - tan - 77 y (1 + 7?) (^1 + 77 sin^ - j G^i Gm , (160) 

and also to some recoil tensor polarization components (see Appendix ^) which, however, will be very difficult 
to disentangle from the leading order contribution. One has to look for observables for which the leading order 



contribution vanishes. According to Table III, the vector polarization components provide such observables. The 
z^ ~ A — 

axial form factor G^\ = G^ G^i of the hadronic neutral axial current as well as parity violation in the hadronic 
structure, manifest in a nonvanishing axial form factor G^j^, induce vector polarization components in the scattering 
plane, P^ and Pz They are given by 



^oP. = y^^oA°" + (10+) 
2 



3 



77 (1 + 2 (1 + 77) tan2 -) (gI^ + G, G^^) G, 



4l 6 6 — 

-3 sec - tan - 77 \l (1 + 77)(1 + 77 sin^ Ga G^, , (161) 



4 , „ . fny nA\f^ . V 



= -3 sec-y77(^l + 77sin^-j (G;^i + G. G^i j [Gc + jGc 

- ^ tan ^ Vvi^ + V) gt Ga (Gc + | Gq) Gm ■ (162) 

Obviously, these observables allow one to determine only the combination of the axial form factors G^j^ + Gy G^i- 
However, one has to keep in mind that contributions proportional to G^ are suppressed by (4 sin^ Oy/ — 1) compared 
to those proportional to Ga- 

The same combination of the axial form factors G^-^ and G^^ leads also to a nonvanishing asymmetry of the 
differential cross section with respect to longitudinally polarized electrons without deuteron polarization according 
to 
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2gtGaSo + - sec - tan - 77 y (1 + ?/) (^1 + 77 sin^ - j [GI, + G„ G^^j Gm ■ 



(163) 



With respect to the neutral hadron current contributions to the asymmetries in (161), (162), and (163), these expres- 
sions agree with those of if one makes the following identifications 



Go = Gc 



G2 



2V2 



•q Gq, Gi = Gm, Fa 



1 + 77 



G^i, and 5y = 2g,' 



(164) 



Another contribution from P-violation via the larger form factor G^\ — Ga G^i to observables, depending on the 
electron polarization, appears for the recoil vector polarization 



So A°S + (10 +) = W ^ 7/ ( 1 + 2 (1 + 77) tan^ - ) G„ G^, Gm 



(165) 



which, in principle, would allow one to determine separately the neutral current axial form factor G^i- However, like 
A™ ^(00 +) this observable will be buried by the leading order of ( 158). This is a general feature as a closer inspection 

of Appendix ^ shows, whenever G^\ — Ga G^^ contributes to a polarization observable there is also a leading order 
contribution. The reason for this feature is that these terms arise from the interaction of the axial lepton current with 
the axial hadron current which is equivalent to the interaction of the lepton and hadron vector currents. 

Finally, the tensor recoil polarizations offer another possibility of obtaining a clean access to P-violation via the 
axial form factors, i.e. 



5oA°r(20+) = - 



8V2 
~3~ 
2 V2 



Gc 



V 



Go Go — 



V2 



77(1 + 2(1 + 77) tan^ -) 5,^ GaG^ 



~f2 



V sec - tan - W (1 + 77) 1 + 77sin^ ^]{Gki + Gv G^, Gm, 



5o v4™ + (21 +) = 77 sec - W 7; (1 + 77 sin^ -) g'i Ga Gm G, 



V3 



'7! ^ tan - VvW+v) [Gil + Gv G 



Gc 



5o (22 +) = --^ 77 5„^G,G 



2 

M ■ 



(166) 

(167) 
(168) 



C. T-violating contributions 

Looking at the Tables III through^ one notes that T- violation induces very few nonvanishing observables. However, 
these appear always isolated, that means, they do not have to compete with leading order contributions or those from 
P-violation. The simplest candidate is the recoil vector polarization component Py, perpendicular to the scattering 
plane , which is given by 

SoPy^^SoAf + {n~) 



^sec^rj^r^ (l + 77 sin^ 1 ) G];^ Gq . (169) 



The latter result corresponds to the one given in if one identifies the additional form factor G of with G^j ■ 
With electron polarization one finds only one contribution from P-violation to the scalar asymmetries, namely to the 
tensor recoil polarization 

So A«° + (21 -) = -1 tan ^ ^rj{l + rj)Gl, (Gc + ^ vGq) . (170) 
With this we will conclude the formal study of polarization observables in elastic electron deuteron scattering. 



16 



[1] 

[2] 
[3] 

[4] 
[5] 
[6] 
[7] 
[8] 



[9] 
[10] 

[11] 
[12] 

[13] 



M. Gourdin and C.A. Piketty, Nuovo Cim. 32, 1137 (1964). 

D. Schildknecht, Phys. Lett. 10, 254 (1964); Z. Phys. 185, 382 (1965). 

G. Ramachandran, Nucl. Phys. B2, 565 (1967); 

G. Ramachandran and S.K. Singh, Phys. Rev. D 18, 1441 (1978); 

M.V.N. Murthy, G. Ramachandran, and S.K. Singh, Phys. Lett. 81B, 129 (1979). 
T. Frederico, E.M. Henley, and G.A. Miller, Nucl. Phys. A533, 617 (1991). 
D. Schildknecht, preprint, DESY (1966). 

V.M. Dubovik and A. A. Cheshkov, J. Exptl. Theoret. Phys. (USSR) 51, 165 (1966) (Transl: Sov. Phys. JETP 24, 111 
(1967)); V.M. Dubovik, E.G. Lichtman, and A. A. Cheskov, J. Exptl. Theor. Phys. (USSR) 52, 706 (1967) (Trans: Sov. 
Phys. JETP 25, 464 (1967)). 

R. Prepost, R.M. Simonds, and B.H. Wiik, Phys. Rev. Lett. 21, 1271 (1968). 
M.J. Musolf, and T.W. Donnelly, Nucl. Phys. A546, 509 (1992). 

H. Arenhovel, F. Ritz, and Th. Wilbois, Phys. Rev. C 55, 2214 (1999) ( ^ucl-th/9910009| ). 

M.J. Musolf, T.W. Donnelly, J. Dubach, S.J. Pollock, S. Kowalski, and E.J. Beise, Phys. Rep. 239, 1 (1994). 

M. Rotenberg, R. Bivins, N. Metropolis, and J.K. Wooten, Jr., The 3-j and 6-j Symbols (The Technology Press, MIT, 

1959). 



TABLE I. Listing of the sigj,,^,- and (/ + /')-values for the nonvanishing /i'' -^""^^^ (/'M'sig^j^, 
contributions. 



, c) for various current 









/' + / 


c -c 


(-) " 




'^^ sig^^/ unprimed primed 


pctc-pctc 


1 




1 sigjyj even odd 




\ 




-1 sigj,,j odd even 




— 1 




-1 — sigjvf odd even 


pnctnc-pctc 


-1 




1 —^^%M even odd 


pctnc-pnctc 


-1 




1 — sigjvf even odd 


pnctnc-pnctc 


-1 




-1 — sigjij odd even 


pnctnc-pctnc 


1 




-1 sig^j odd even 




TABLE n. Listing 


of the (A/,M'; 


-values for the /!'' "^"''^^^ (J'A/'sig^,^, ; c',c). 


a 






{M,M') 


L,T 






(0,0), (1,1), (2,2) 


LT 






(0,1), (1,0), (1,2), (2,1) 


TT 






(0,2), (1,1), (2,0) 




TABLE III. Schematic 


survey of nonvanishing scalar asymmetries AjJ'^^^(/'M'sigjj^, ). 


type 


current 


00-1- 10-F 


11+ 11- 20+ 21+ 21- 22+ 22- 




PT-conserving 






Af+{I'M'sig,,,) 


P-violating 








T-violating 








PT-conserving 






Af+{I'M'sig,,,) 


P-violating 








T-violating 
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TABLE IV. Schematic survey of nonvanishing vector asymmetries j4^^+(7'M'sigjj^/) for I' > 1. 



type 


current 


10+ 11+ 


11- 20+ 


21-1- 


21- 


22+ 


22- 


A'°+{I'M'sigj^,) 


PT-conserving 

P- violating 
T-violating 


V V 


V 


V 








Ay+(7'M'sigM0 


PT-conserving 

P-violating 
T-violating 


V 

V 




V 




V 


V 


Al°+{I'M'sig^,) 


PT-conserving 
P-violating 
T-violating 




V 
V 


V 








All+{I'M'sig^,) 


PT-conserving 
P-violating 
T-violating 


V 


V 


V 
V 




V 




TABLE V. Schematic survey of nonvanishing tensor asymmetries A^^+(7'M'sigj(^/) for I' > 2. 


type 


current 


20+ 


21+ 21- 




22+ 


22- 




Af+(/'M'sig^,) 


PT-conscrving 
P-violating 


V 
V 












Af+{I'M'sig^,) 


PT-conserving 
P-violating 




V 
V 




V 
V 






Af+il'M'sig^,) 


PT-conserving 














Af+{I'M'sig^,) 


P-violating 
T-violating 




V 




V 








P-violating 

7 - violating 




V 

v' 




V 


/ 

v 




Af+{I'M'sig^,) 


P-violating 








V 
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APPENDIX A: SYMMETRIES AND CLOSED FORM OF Uj'm>^{c',c) 

Here we will derive the various symmetries listed in ( ^2|) through We will start by considering first the 

symmetries of the i-matrix elements given in (|5^) . For the reduced multipole matrix elements one finds as symmetry 
properties 

{Ol{c)r = {- folic), (Al) 
Ol{c) = [-)^+'^^ Ol\c), (A2) 
0i(c) = (-)^+'+'^"0i(c), (A3) 
which follow from hermiticity, and from parity and time reversal transformations, respectively. First we note 



Using hermiticity and time reversal properties from (Al) and ([A3|), yielding (0^(c))* = i,^)^^^'^ C'^(c), one finds 



(^m'Am)* — ( Y" ^m'\m J (^5) 

which means that all i-matrix elements are real or imaginary quantities depending on whether (—)*<= — ±1, respec- 
tively. From this relation and the fact that the matrix elements of the statistical tensors are real follows directly 
(^), which means that the U^s are real or imaginary depending on whether (— )''^ '^^n' — ±1, respectively. Second we 
consider 

where in the second expression we have made use of the symmetry of the 3j-symbol. This then gives the relation 

^-m'-A-m ~ (^) " i^m'Xm.) ~ i~) " ^m'\m i (A7) 



using (O^ (c))* = {-Y" Ol{c) from (|Aj) and ( |A3[ ). The same relation can be applied to ( |A4| ) together with the 



symmetry of the 3j-symbol with respect to a sign change of all projections, resulting in 
Now we are ready to prove the symmetries of the Uj,^,/,^^{c', c). First we consider the interchange A <-> A' which gives 

W,^;/*^ {C',C) = 1 E i^n'ln (rf;i )„',„' i^^.A'™ (tI^' )rnn + {d ^ c)) . (A9) 
n' ,n.m' ,m 

Using 

{'^\})mn ~ (^)^^('''ilf )nm (AlO) 

and renaming the indices, one obtains the symmetry of ( |8^ ) 

uf^/^'{c',c) = {-r^'+^\u^:>:iY,'\c',c)y (ah) 

-(-)^'+X'-ir*'(c',c), (A12) 
where the latter follows from (|o|) and (^). The second symmetry refers to the sign change of the various projections 

'(^'' ^) = \ E (^«' -A'„ (ri'2')n'™' t^'-A™ (ril)™„ + (c' ^ c)) . (A13) 



n ,n,m ,m 
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Changing the signs of all summation indices, using (A7) and the property 

(■'"-if)-™-" ^ (^) ('''m)™" 

results in (js^). Finally, considering 

^IM^ (c'j c) - ^ (^ri'A'n (''"If )n'm' tm' \m {'''M' )mn + (c' ^ c)^ , 

n' ,n,m' ,m 

making for the summation indices the interchanges m' <-> m and n' <-> n, using ( |Al0| ) and @, one first finds 



(A14) 



(A15) 



\'\I'M' fj 
IM 



(A16) 



which gives combined with ( p3| ) the symmetry of (|84|). 



At the end of this appendix, we will derive a closed expression for Ujj^j^ (c',c) in terms of reduced multipole 



matrix elements. To this end we use the multipole expansion of the t-matrix and the Wigner-Eckart theorem for the 
occurring matrix elements of the multipole operators and statistical tensors 



(lm'|OiM|l™> = (-) 



1 — m' 



(lm'|rW|lm) = (-)!-'"' 



With the help of a sum rule for a sum over four 3j-symbols [O 



1 


L 


1 


m' 


M 


m 


1 


I 


1 


m' 


M 


rn 









(A17) 
(A18) 



L L' I I' 

\ \' M M' 



E (-; 



\+L'+I'+m'+m 



1 I 1 

-m M n 



J^rn 



21 L L' J 
A -A' m 



L 


M 


A 


m J 




r 


-n' 


M' 


r 


') 


M' 


m 1 



1 L' 1 

-n' A' n 



L L' J 
1 1 / 
1 1 /' 



one obtains in closed form 



■ ay a\ 



■L'+L 



LL'S 



L'L 



L L' I I' 
\ X' M M' 



(0i:*(c')0i(c) + (c' 



^ c, 



(A19) 



(A20) 



APPENDIX B: GENERAL EXPRESSIONS FOR THE /-FUNCTIONS 



Here we list all nonvanishing /-functions for the case of recoil polarization without target polarization, i.e., 
/™+(/'M'sig^,//; c', c) for the various diagonal and interference contributions. 
(A) Diagonal contributions: 



(i) c', c e q 



pc, tc- 

/f + (00 +;c',c 
/0" + (20+;c',c 
f°° + {00+; c',c 
/°" + (20+;c',c 
/^°° + (10+;c',c 



47r 



Co(c)Co(c') + C2(c)C2(c') , 



2n 



2Co(c') C2(c) + 2Co(c) C2(c') + V2C2(c) ^2(0')), 



47r 



Afi(c)Afi(c'), 



V2 7r 



Mi(c)Mi(c'), 



-^Mi(c)Afi(c'), 



(Bl) 
(B2) 
(B3) 
(B4) 
(B5) 



20 



fl%+{21 +■ C', C) = 2 TT (C2{c') Mi{c) + C2{C) Mi(c')) , 

+ +; c', c) = ^■ ((2 \/2C7o(c') + C^ic')) M,{c) + (2 ^/2Co(c) + C^ic)) Mi(c')) 



/°°/(22 +; c', c) = ^ Mi(c) Mi(c'). 



(ii) C , C G Cpc, tnc* 



(iii) c', c G Cpnc,< 



(iv) C , C G CpTic, tnc* 



^/3■ 



/00 + (00+;c',c) = ^i?2(c)i;2(c'), 



r 

72 77 



^2(C)£;2(C'), 



/00 + (20 +;c',c) 
/r + (10+; c',c) 

/0°.+ (22 +; c', c) = ^ E2{c) E^ic'). 



3 
27r 

71 



TtE2{c)E2{c'), 



/°° + (00+;c',c) = ^^i(c)£;i(c'), 



/™' + (20+; c',c) 



47r 



Ei{c) Ei{c'), 



/^°° + (10+; c',c) = y|7r£i(c)i;i(c'), 



/00.+ (22+; c',c) = -'^E^{c)E^{(^) 



/f + (00 +;c',c 



/°° + (20+;c',c 



/00 + (00 +;c',c 

/°° + (20 +;c',c 



/^oo + (10 +;c',c 



/°°/ (21 +;c',c 
/;,o? + (ll+;c',c 
/tt (^^ "I"' c , c 



%/3 



^Ci(c)Ci(c'), 



2\/27r 



47r 



Ci(c)Ci(c'), 



= — M2(c)M2(c'), 



v/2 7r 
3 

2 
3 

27r 

7! 



M2(c)M2(c'), 
7rM2(c)M2(c'), 

Ci(c')M2(c) + Ci(c)M2(c')), 



^ (Ci(c') M2(c) + Ci(c) M2(c')) , 



-^M2(C)M2(C'). 



(B) Interference contributions: 
(i) c' e Cpctc and c € Cpc, tnc- 



/f/(ll-; c',c) = 2 7rC2(c')i?2(c), 
/i°^° + (21 -; c',c) = ^ (2y2Co(c') + C2{c')) £2(0). 



(ii) c' e Cpctc and c e Cpnc,tc- 



21 



/°" + (10+; c',c 
/^™ + (00+; c',c 



/^"° + (20+; c',c 

/™ + (ll+; c',c 
/1°^° + (21+; c',c 



= ^-^i?i(c)Mi(c'), 
= ^i?i(c)Mi(c'), 



V2 7r 



£;i(c)Mi(c'), 



27r 



2%/2Co(c')+C2(c'))i;i(c), 



2^C2(c')£;i(c). 
(iii) c' G Cpc, tc and c G Cp^c , tnc- 

/{;"/(21-; c',c) = (V3Ci(c) Afi(c') - (2 V2 Co(c') + C2(c')) M^ic)), 

+ c',c) - ^ (V3Ci(c)Mi(c') +3C2(c') Af2(c)), 



2 7r 



/^"/(22 -; c', c) = ^ Mi(c') M2( 



V3' 



(iv) c' G Cpc, inc and c G 



pnc. tc- 



2tt 



(v) c' e Cpc, tnc and c € Cj 



pnc, tnc- 



+ (10 +;c',c 



/^"° + (00 +;c',c 



/^"" + (20 +;c',c 



/f/(lH-;c',c 



/[°^° + (2H-;c',c 



/2 
47r 
V2 7r 



7r£;2(c')M2(c), 
i^2(c')Af2(c), 
i^2(c')A^2(c), 



(vi) c' e Cp„c, tc and c G Cj 



pnc, tnc- 



= ^Ci(c)i?2(c'), 

= -^C,ic)E,{c'). 



2n 



/f/(ll-;c',c) = -^Ci(c)£;i(c'), 
/i™ + (21-;c',c) = -^Ci(c)i?i(c')- 



(B27) 
(B28) 

(B29) 

(B30) 
(B31) 

(B32) 
(B33) 
(B34) 

(B35) 

(B36) 
(B37) 
(B38) 
(B39) 
(B40) 

(B41) 
(B42) 



APPENDIX C: LISTING OF STRUCTURE FUNCTIONS INCLUDING P- AND T- VIOLATION 



Here we list all nonvanishing structure functions F^^^^^^" (I' M'aigj^j,) and F^^"'''*^*^ (/'M'sig^,//) for sig^/ ~ +, 
/' > /, and M' > M . Those for /' < /, an d M ' < M as w ell a s the ones for sig^^ = — can be obtained from the 
listed ones using the symmetry relations in (100), ( 104 ) and ( |l05| ). Note that sig^^/ is fixed uniquely with the choice 
of sigj,/. 

(i) P- and T-conserved structure functions: 



F{^° + (00- 



47r 



(CI) 



22 



+ (20+) = -'^-CJ (4Co^ + V2C^^), (C2) 

Fl' + {lQ+)^^[V2C;{-ci)\ (C3) 

Fl^ + (II +) = ^ (2 {Clf + V2 - 2 (C^^)^) , (C4) 

+ (20 +) = ^ (2 {C'^f + + 3 (C^f) , (C5) 

Ff + (21 +) = ^ (2 (C'^r + V2C~< CI ~ 2 {Clf) , (C6) 

+ (22+) = ^ (V2CJ - C^,y, (C7) 

fOO + (20+)=-^(M7)2, (C9) 

F^i + (11+) =2 7r(M7)2, (CIO) 

f20 + (20+) =-^(Mi'>')2, (Cll) 

f2i + (21+) =-2 7r(M7)2, (C12) 

F;oo + (10+) = y|7^(M7)^ (C13) 

F^^° + (20+) = ^ (M7)2, (C14) 
v3 

K;" + (21+) =2 7r(M7)2, (C15) 

F{;?.+ (21+) =4^C^M7, (C16) 

Fl%+ {11 +) = i|( - 2 + 72^2-) M7, (C17) 

Fl° + {21 +) = -2 TT (2 + \/2 C^) M7 , (C18) 

f2^+(22 +) = 2 ^Itt ( - 2 + ^2 C-) M7, (C19) 

F/°° + (ll +) = ^ (2 v^C- + C-) M7, (C20) 

F/i« + (21 +) = 2 (V2CJ - Cq) Ml (C21) 

F/^i + (20 +) = - ^ (2 CJ + 5 ^2 C^) M7, (C22) 

F/^i + (22+) = -2 Y^TT ( - 2Co- + ^/2C2-) M7, (C23) 

F^!^+(22 +) = ^ (M7)2, (C24) 
V3 

F^^+(ll +) = 2 7r (M7)2, (C25) 
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F^%+ (22 +) = -2 y ^ ^ (M7)2 , (C26) 

i?2i,+ (21 +) = 2 7r (M7)2. (C27) 

(ii) P-violating structure functions: 

F°° + (10 +) = 2 ^Itt (i;7 + Ef^) M7, (C28) 

+ (20 +) = ^ (^7 + ) ^7 , (C29) 

+ (21 +) = 4 TT (e7 + Ef """j M7, (C30) 

P^°° + (00 +) = ^ (i^7 + ) M7, (C31) 

F^"" + (20+) = -2 ^ (i;7 + Ef^) M7, (C32) 

P^" +(11 +) = 47r (^7 + £f»^) M7, (033) 

P^20 + (20 +) = - ^ (i?7 + £;f ) M7 , (C34) 

F^2i+(2i +) = -477 (^7 + i;!^""*) M7, (C35) 

F°° + (ll+) = ^(£;7 + i?f") {2V2C^ + C^,), (C36) 

(21 +) - ^ (f7 + Ff ") (^/2 - C^) , (C37) 

p2^+ (20 +) = - ^ (f7 + Ff " ) (2 + 5 V2 ^2^) , (C38) 

p2^+(22 +) = i| (f7 + Ff ") (^Q^ - , (C39) 

P/oo + (21 +) = 47r (e7 + Ef»^) CI (C40) 

F/^° + (ll +) = -1|(f7 + Ff"") (72 - C7) , (C41) 

F^2° + (21 +) = -2 x/27r (^7 + E^^) (^V2C;^ + C^^ (C42) 

F/2i+(22+) = + j (^cj - C^^). (C43) 

(iii) T- violating structure functions: 

F^^+(21 -) =47r F^M7, (C44) 

F5:" + (ll-) =4^F7M7, (C45) 

F^2i + (2l-) = -47rF^M7, (C46) 

F]^° + (ll-)=47rC7F7, (C47) 

F2^+(21 -) = {V2C^o - El (C48) 
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F2^+(22 -) = i| (72 - C^,) El (C49) 

F/™ + (21 -) = ^ (2 V2Co^ + Cq) El (C50) 

+ = (72^0- - C,-) El (C51) 

F/20 + (2i _) = ^ (V2 (7o^ + 5 C^^) El (C52) 

Fl^ + {22-) = -i| (72^0- - C^-) (C53) 

F:^1j+{21 -) = 4nE] Ml (C54) 
(iv) P-violating structure functions F: 

i^r + (00+) = ^ (cJCo^"" +C2^cf"), (C55) 

+ (20+) = (2Co^" + (2CJ + ^C^^) C^"), (C56) 

Fl' + {W+) = ^ (V2CJ - C]) [V2cf - C^"), (C57) 

Fl^ + {U +) = ^ (C2^ (V2 Co^" - 4 C^") + (4 C^" + a/2 ) , (C58) 

+ (20 +) = ^ (C2^ {V2 Cl^ + 3 C^^) + CI (2 Co^"^ + ^2 cf"^) ) , (C59) 

+ (21 +) = ^ ( V2 Cl^ - 4 Cf"^) + CI (4 + x/2 cf"^) ) , (C60) 

i?22 + (22 +) ^ ^ - C'^) (V2 - , (C61) 

+ (00 +) = ^ M7 Mf , (C62) 

+ (10 +) = 2 TT i;f ^ M7 , (C63) 

+ (20 +) = - ^ TT M7 M^^ , (C64) 

F^o + (2o+) = f|^f»^M7, (C65) 

^^^^ + (11+) = 47rM7 Mf""*, (C66) 

+ (21 +) = 4 TT E^^ M7 , (C67) 

F^° + (20 +) = - ^ M7 Mf ""^ , (C68) 

+ (21 +) = -4 TT M7 Mf , (C69) 

^3^°° + (00 +) = ^ £f M7 , (C70) 

i?^°" + (10+) = 2y|7rM7Mf"^, (C71) 

F^oo + (20 +) = - Ff-^ M7, (C72) 
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^° + (20 +) = ^ M7 Mf , (C73) 
v3 

+ = 4 7r£;f"''M7, (C74) 

^^^" + (21 +) = 47rM7 Mf"^, (C75) 

F^20 + (2o +) = - ^ i^f"'' M7, (C76) 

Fr^^^ + {21 +) = -47ri;f°'' M7, (C77) 

FrT+(ll +) = ^ (2 %/2 Co^ + C^) Ef (C78) 

+ (21 +) = 4 TT (C^^ M7 + Mf , (C79) 

F2° + (11 +) = -2 ^Itt ((72 Co""" - M7 + (^2 - C^) Mf ") , (C80) 

f2° + (21 +) = (^/2C7J - C^^) sf^, (C81) 

(20 +) = - ^ (2 + 5 V2 C]) E^^ , (C82) 

f2^+(22+) = ^ (2Co^ - ^C2^) ijf", (C83) 

F|o + (21 +) = -2 \/2 TT ((\/2 Co^i" + Cf^") M7 + (^/2 + ) Mf ^) , (C84) 

F|^+(22 +) = ((V2 Co^" - C^") M7 + (V2 - C^^) Mf , (C85) 

F^oo + (ll +) = ^ ^ ((4Co^" + %/2Cf ") M7 + (4^0^ + V2C^) Mf"), (C86) 

00 + (21 +) = 4 TT E^^ , (C87) 

F^^° + (ll +) = (^/2CJ - C7) Ef^, (C88) 

F/^o + (21 +) = 2 y|7r ((^Co^"^ - C^^) + (^^/2C^ - C^) M^^), (C89) 

i?/ 11 + (20 +) = - ^ TT ( ( V2 C(f + 5 C^^ ) M7 + (V2 + 5 C^) M^^) , (C90) 

F^ii + (22+) = i| ((v^Co^^" - C^") M7 + (^Co^ - C;^-) Mf""), (C91) 

F/^° + (21 +) = -2 \/2 TT (\/2 C3' + C^") Ff ^ , (C92) 

F/2i + (22+) = -i| (y2C2 - Cl) E^^, (C93) 

F°%+ (22 +) = ^ M7 Mf , (C94) 
v3 

F^^+(ll +) = 47rM7 Mf"^, (C95) 

F|!^+ (22 +) = -4 tt M7 Aff , (C96) 

F2^+ (21 +) = 4 tt M7 Mf . (C97) 
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APPENDIX D: LISTING OF VARIOUS ASYMMETRIES 



Here we list all nonvanishing asymmetries A^^^J^*' (/'M'sigj^-f/) for sig^j = I, and M' > M. Those for 

I' < I, and M' < M as wel l as the ones for sigj\,^ — — can be obtained from the listed ones using the symmetry 
relations in ( p^ , (|l32|) and (|l3|). Note that sigj^,// is fixed uniquely with the choice of sig^,/. 

(A) Asymmetries for P- and T-conserved contributions: 

(i) Scalar asymmetries: 



5oAO" + (00+) 



47r 
"3~ 
27r 
"3 



in 



VL 



V27T 



So A'^" + {21+) = An CqM^VLT: 



2n 



SoA-,"^i22+) = —{M^rvTT 



(Dl) 

(D2) 
(D3) 
(D4) 



5oA°^(10+) 

^oA™ + (ll+) 
(ii) Vector asymmetries: 
SoAi° + (10 

SoAl' + iU 



1 

2V2n 



n{Mlfv!r, 

4C;i + V2C]) M^v[t. 



5oAl^(20^ 

^oAir(2U 
SoAll + {2U 
So All + {22^ 

(iii) Tensor asymmetries 



SoAf + {20- 
SoAf + {2l- 



SoAf + {22- 



SoAf + {21 + 



SoAf+i22- 



SoAf + {22 



An 



(2 + V2C^ C] - 2 iC])') VL +2n{Aqf {vr + vtt) , 



2n 
V3 



n[V2C^,~C^)M^vir, 



2 7r(M7)2 4, 
^{V2C^„-C])aP,v 



T a,' 

LT ■ 



^ ((^/2 + + 2 {C]r) VL-^ (M7)^ VT 
-2 V2n (\/2 + C]^ M2 vlt , 

-2^niM^fvTT, 

An 

"3 

An 

73 
An 



^ (2 + ^/2Co^ ~ 2 {C])') 2n{M^,f {vt - vtt) , 



-^.{V2C2-C^2]M2vLT: 



(D5) 
(D6) 

(D7) 
(D8) 
(D9) 

(DIO) 

(Dll) 
(D12) 
(D13) 

(D14) 
(D15) 

(D16) 
(D17) 
(D18) 

(D19) 



(B) Asymmetries for P-violating contributions: 



27 



(i) Scalar asymmetries: 

SoAf + {00+) = ^ E^^ M7 4 , (D20) 

5o + (10 +) = 2 W I TT (i;7 + Ef ) M7 + 2 W I TT M^- , (D21) 
5o +) = ^ (£7 + El") (2 ^/2 + C^^) 

+ ^ TT ((4Co^"^ + V2C^^) Ml + (4Co^ + 72(^2^) Mf"^) t;^^ , (D22) 

5o + (20 +) = - ^ TT M7 4 , (D23) 

5o + (21 +) = 4 ^ i;f , (D24) 

So A°° + (00 +) = ^ (CJ Co^" + C^") VL^^- Ml Mf " + ^ (i?7 + " ) M7 1;^ , (D25) 

5o^°° + (10+) = 2y|7r£;f-^M7^;T, (D26) 

5o A°° + (ll +) = ^ (2 V2 + C7) i?f " vi^T , (D27) 
5o ^°° + (20 +) = (2 Cl^ Gl + 2 CI Cl^ + 72 C^^) 

J^T,Ml mI^ vt-^tt [eJ + Ef- ) Ml < , (D28) 

^0 + (21 +) = 4 ^ {cf Ml + Cl M^) VLT+^T^ (eI + Ef ) C^^ v^^^, (D29) 

So A0° + (22 +) = i| Ml Mf VTT ■ (D30) 

(ii) Vector asymmetries: 

So A'f + {n +) = -2 y^TT (x/2 - C^) Ef v'^r , (D31) 

So + (20 +) = 1| (^7 + sf ) Af7 VT + ^ Mf Ml v!r , (D32) 

So Af + {21 +) = 2^n[El + Ef) (^CJ - C^) vj^t 

+2 yivr ((V2 Co"""^ - Cf"^) M7 + (^2 - C^^) Mf"^) <^ , (D33) 

^0 + ( 1 1 +) = 4 TT i;f ^ Ml , (D34) 

5o + (21 +) = 4 TT (£^7 + Ef )mIvt+4tt Ml Mf , (D35) 

So Al'+{22 +) = i| [eJ + Ef) (72 - C] ) v^^r 

+ 1| ({y2cf - Cf) Ml + {y2C2 - C2) Mf) vi^ , (D36) 

5o A^o + (10+) = ^ (V2CJ - C^^) [V2cf - Cf) VL , (D37) 
So Al° + {n +) = -2 [(y2cf - cf) Ml + (^2 - Cj) Mf ) vlt 
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-2 ^ (ei + Ef") [V2C^ - C^) , (D38) 

So Af, + (20 +) = i| £;f " M7 VT , (D39) 

5o A^o + (21 +) = 2 (V2 - Ctj sf^ vlt , (D40) 

SoAll + {n +) = ^ (Co^(4C7o^" + V2Cf") + C^^ {^20^^ - 4Cf")) t;^ 

+4 n [e1 + Ef^ M7 < + 4 TT M7 Mf (wt + vtt) , (D41) 

5o + (21 +) = 4 TT i;f M7 t;T , (D42) 

5o A^^ + (22+) = i| (V2Co^ - C,^ ) Ef" ^;iT • (D43) 

(iii) Tensor asymmetries: 

SoAf + i20+) = -^E^^ M^v^, (D44) 

^0 + (21 +) = -2 TT (2 + 72 C^") i;f^ v[t , (D45) 

5o^d^ + (21+) =-47ri;f^M74, (D46) 

So Af + {22+) = ^ ( - ^C-o^ + 0^2) Ef^ <T , (D47) 

So Al° + {20+) = ^ (CJ (2Co^"^ + V2C^^^ + (^^cf +icf)) vl - ^ M~{ M^^ vt 

-^(i?7 + i?5)M74, (D48) 

So Af^ + {21 +) = -2 V27T (^(^V2Co^ + C^^) + (^2 + ctj Mf vlt 

-2 TT (^7 + » ) (2 + \/2C2)v'lt, (D49) 

50 + (22 +) = -4 TT M7 Mf UTT , (D50) 
5o A^i+(21+) = ^ (cj(4Co^" + x/2C^^) + (^/2Co^^^ - 4C^^)) vl 

-4 TT (£^7 + E^^ ) M7 < - 4 TT M7 Mf ^ (t^T -vtt), (D51) 
5o ^^^ + (22 +) = ((^/2 Co^" - C^") M7 + (flc^, - Cq) Mf 

(eJ + Ef) (x/2Cj - cq) vir , (D52) 

So All + (22 +) = ^ (V2 C^o - Ci) ( V2 Cq^"^ - C^^) vl ■ (D53) 

(C) Asymmetries for T-violating contributions: 

(i) Scalar asymmetries: 

So A^^ + {II -) = At: cq El VLT, (D54) 

So + (21 -) = ^ (2 V2 + cq) Eq <^ . (D55) 

(ii) Vector asymmetries: 
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5o + (21 -) = -2 TT (72 - C^) El vlt , (D56) 

5o + (21 -) = 4 TT i;^' M7 {vT + vtt) , (D57) 

So A'/ + (22 -) = (72 - ) E^^ vlt , (D58) 

So Ai° + (11 -) = 2 yl^r (72 - C^) E^, , (D59) 

So All + {11 -)= 4 TV E^M^v^,. (D60) 

(iii) Tensor asymmetries: 

So A20 + (21 -) = - ^ (2 + 5 72^2^) E^ v'j^^ , (D61) 

So All + (21 -) = -4 ^ E] M7 4 , (D62) 

So A^^ + (22 -) = (^/2 - C^^) E^, v^^ . (D63) 

APPENDIX E: LISTING OF NONVANISHING ASYMMETRIES IN TERMS OF INVARIANT FORM 

FACTORS AS IN APPENDIX D 

(A) Asymmetries for P- and T-conserved contributions: 

(i) Scalar asymmetries: 

So A°o + (00 +) = Gc' + Iv''Gq' + Iv(i + 2{1 + v) tan^ ^) Gm', (El) 
So Af + {20 +) = (8(Gc + I Gq) Gq + (1 + 2 (1 + r?) tan^ ^) Gm') , (E2) 

5o + (21 +) = -1 sec ^ ry -^,7 (1 + ry sin^ ^) Gm Gq, (E3) 
5oAS° + (22+) = -^GM^ (E4) 

5o ^°r(10 +) = yf sec ^ tan ^ ,7 ^(1 + ,7) (1 + r, sin^ ^) Gm', (E5) 
So A°° + {11 +) = ^ tan ^ ^/W+vj (Gc + | Gq) Gm • (E6) 

(ii) Vector asymmetries: 

So Af+ {10 +) = [Gc-lvGQy, (E7) 
5o 4° + (ll +) = -72sec ^ ^r? (l + rysin^ ^) (g^ - ^ r? Gq) Gm, (E8) 
5o + (11 +) = 2 ((Gc + I Gq)2 - ^2 + 2 r? (1 + j?) tan^ ^ Gm' , (E9) 

So Aiy {20 +) = ^ sec ^ tan ^ r, ^(1 + ry) (l + rysin^ ^) GM^ (ElO) 
5o ^^2^(21 +) = 72 tan ^ vW+^ (^^ " I ^ 
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5o ^ed^(21 +) = 2 sec ^ tan ^ r? ^(1 + r?) (l + r/sin^ ^) Gm', 

5o All + {22 +) = 2 tan ^ vW+^ (*^^ ~ ^ *^«) " 
(iii) Tensor asymmetries: 

So Af + {20 +) = i ((Gc + 2 7? Gq)2 + 2 G^) - ^ r? (l + 2 (1 + r?) tan^ ^) Gm' 



5o Af + {21 +) = - V6 sec - ^7? (l + 77 sin^ -) (Gc + 3 Gq) Gm, 
SoAf + {22+) = ^nGM', 

So Af + {21 +) = 2 ((Gc + I GQf -r,'Gl)-2rj(^l + {l+ ry) tan^ ^) Gm' 
5o +(22 +) = -2 sec ^ ^r, (l + r^sin^^) (Gc - ^ r; Gq) Gm, 
5oAf + (22+) = 2(Gc-^r7GQ)'. 



(B) Asymmetries for P-violating contributions: 
(i) Scalar asymmetries: 



So Af + (00 +) = ^ sec ^ tan ^ ^(1+7?) (l + rysin^ ^) g|i Gm, 
y|77 (1 + 2 (1 + r;) tan^ ^) (g;^! + G^) Gm 



SoA'>" + {10+) 



1 I 

- sec - tan - 7? y (1 + 7?)(1 + 7/ sin^ -) Gm Cf^ 



5o + (11 +) = -1 sec ^ ^r; (1 + 77 sin^ ^) (gI, + G^) (Gc + | G, 

+ -1 tan ^ v/^RTT^ ( (g^" + I gJ") Gm + (Gc + | Gq) Gff ) , 
5o + (20 +) = sec ^ tan ^ 7, ^(I + t;) (l + 7?sin2 ^) G^( Gm , 



5o ^2° + (21 +) = ^ nARTT^ tan ^ Gg Gq , 



5o A°° + (00 +) = 2 Gc gI^ + ^ 7,2 G^-^ Gq + ^ 7? (1 + 2 (1 + 7;) tan^ ^) Gm Gff 



+ - sec - tan -77^(1 + 7?) (l + rjsin'^-j (^G^-^ + GeI) Gm, 
So A°° + {10 +) = W|77 (1 + 2(1 + 7;) tan^ ^) G^ Gm, 



5o A°o + (ll +) = ^ G^l (Gc + I Gq) sec - ^7, (1 + 77 sin^ |) , 

5o + (20 +) = (Gc gJ" + Gf Gq + ^ 77 G J" Gq) - ^ 77 (1 + 2 (1 + 77) tan^ 

3~ ^^^2^^'^2^\^^~^^''\~^^ ^^"^^ 2) V*^^! ~^ ) 

5o + (21 +) = -1 77 (gJ" Gm + G^" Gq ) sec ^ ^77 (1 + 77 sin^ ^) 
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5oA°r(22+) = --|^GMGff 



(ii) Vector asymmetries: 

e 



So Af + {n +) = -^/2 tan | V^(l + r7)G^l (^^ " 3 ^ ' 
5o + (20 +) = A ^ (1 + 2 (1 + 77) tan^ ^) (g],! + ) Gm 



sec - tan - 77 y (1 + r?)(l + r? sm -) Gm G^" , 



5o 4° + (21 +) = ^ sec - ^r? (1 + rysin^ -) (gI, + G^) (Gc ' -^vGq) 

+%/2 tan ^ VW+V) {[of - I r; G^^) Gm+[Gc-Iv Gq) G 



M I ' 



So + (11 +) = 4 sec - 7? tan - ^ (1 + ,y) (l + jjsin^ -) g|i Gm, 
5o 41 +(21 +) = 2 r? (1 + 2 (1 + r?) tan^ ^) (g^^ + G|{) Gm 



9 ! 0^ 
+4 sec - tan - 7? W (1 + 7?)(1 + rj sin^ -) Gm Gff' , 



So Al'+{22 +) = 2sec-^Jv{l + rj sin^ -) (g^^ + g|{ ) (Gc - - ry Gq^ 

+2 tan ^ V^(l + ?7) ((g^"^ - ^ g|"^) Gm + (Gc - ^ Gq) G^f ) 



SoAl', + {10+) = 2 (g^" - ^^gJ") (Gc - ^^Gq) , 



So + (11 +) = - V2 sec - ^r; (1 + 77 sin^ -) ( (cf - - 77 G J^) Gm + (Gc - 3 77 Gq) Gf/ 

-V2 tan ^ v/^RlT^ (g;^! + G^l ) (^c - ^ r? Gq) , 
So ^^° + (20 +) = 77 (1 + 2 (1 + 77) tan^ ^) G^ G, 



2 



5o Aio + (21 +) = ^/2 sec - y 77 (1 + 7? sin^ -) Gg {Gc - Gq) , 

So All + (11 +) = 4 (g^"^ (Gc + I Gq) + I G|"^ (Gc - ^ r; Gq)) + 4 r; (1 + 77) tan^ ^ Gm G 



+4 sec - tan - 77 y (1 + 77) (l + Tysin^ - j (^G^^ + G^| ) Gm , 
5o Aed^(21 +) = 277 (1 + 2 (1 + 77) tan^ ^) g|i Gm , 



So Ai^ + (22 +) = 2 sec - ^77 (1 + 77 sin^ -) {Gc - -V Gq) G^ . 
(iii) Tensor asymmetries: 



So Af + {20 +) = - ^ sec ^ tan ^ ^(1 + 7,) (l + 77 sin^ ^) G^ Gm, 
5o 4° + (21 +) = -^/6 tan I V^(l + 77)Gg ('^cr + ^ r? Gq) , 
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So Af+{21 +) = -4 sec - tan - ^(1 + ,7) (l + r^sin^ -) Gm 
So Af + {22 +) = -2 tan ^ VW+V) (^C - ^ Gq) , 



5o Af, + {20 +) = 2 (g^" (gc + IvGq) + Iv (Gc + 2 r? Gq)) 
-^r? (1 + 2 (1 + 77) tan^^) GmG^ 



(E46) 
(E47) 



- sec - tan - r? y (1 + + r? sin^ -) (^G^^ + G^^ j Gm . 



5o A2;; + (21 +) = -^^ sec - ^r, (1 + V sin^ -) ((g^^^ + - 7? g|"^) Gm + (Gc cff + - r/Gg) G 
-%/6 tan ^ V^(l + r?) (g^^ + G^) (Gc + ^ ^ Gq) , 



5oA20 + (22+) = 2 ^/^t^GmG^" , 



(E48) 

(E49) 
(E50) 



So Af, + {21 +) = 4 (g^ (Gc + ^ Gq) + I G^" (^c - ^ ^ Gq)) 

-4,? (1 + (1 + 77) tan^ I) Gm G^^J + 2 ^Gm Gff r? 

-4 sec - tan - y (1 + 77) (l + Tysin" -) [Gl^ + gI\ ) Gm ■ 



So Af + {22 +) = -2 sec - ^7? (1 + 77 sin^ 2) ((Gc"^ - 3 V G^^) Gm + {Gc G^f - -rj Gq) Gff 

-2 tan ^ vW+^ (gI;i + Gg) (Gc - ^ Gq) , 
5o A22 + (22 +) = 4 (g^" - ^ 77 g|") (Gc - ^ Gq) . 



(E51) 

(E52) 
(E53) 



(C) Asymmetries for T-violating contributions: 
(i) Scalar asymmetries: 



So Af + {n -) = -1 sec ^ 77 -^77 (1 + 77sin2 |) G^, Gq , 



So A00 + (21 -) = -1 tan ^ yW+^G^^^ (Gc + ^ ^7 Gq) . 
(ii) Vector asymmetries: 



SoA'f + i21- 
SoAl'+{21- 
SoAl'+{22- 

SoAll + ill- 

SoAl',+in- 



^ sec - y 7; (1 + 77 sin^ -) G^2 {^0 - Gq) , 



477(1 + 7;) tan2-G|;2 Gm, 



= 2 sec - y 7/ (1 + 77 sin^ -) G^2 - 3 77 Gq) , 

= V2 tan ^ ^/77(l + 77) G;^^ (Gc - ^ Gq) , 

= 4 sec - tan - 77 ^(1 + 77) (^1 + 77sin2 -) G^2 <^m ■ 



(E54) 
(E55) 

(E56) 
(E57) 
(E58) 

(E59) 
(E60) 
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(iii) Tensor asymmetries: 

So Af, + {21 -) = tan ^ ^^^(rT^G],^ (^C + y ^ Gq) , (E61) 

So +(21 -) = -4 sec ^ tan ^ ^(1 + 77) (l + rysin^ ^) Gl,2 Gm, (E62) 

5o + (22 -) = -2 tan ^ V^(l+r?) (Gc - ^ Gq) G^^^ . (E63) 
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